This chapter presents the dynamic performance of an isolated wind-driven self-excited reluctance generator (WDSERG) for rural electrification application. The performances of the machine under conditions of constant wind speed, varying wind speed, constant load, and varying loads are analysed and presented. The modelling and simulation have been carried out using MATLAB-Simulink. A step-wise procedure clearly set forth for the Simulink implementation of the wind-driven machine forms the balance of this work, which can be a good teaching aid. The result shows that with the variations in the connected loads, the output frequency of SERG remains constant, which makes it a good alternative for rural electrification.
Introduction
The age-long exploitation of fossil fuel has resulted into attendant global warming, which has become the single largest environmental threat globally. An attempt to mitigate the effects of climate change due to the burning of fossil fuels and to meet the increasing energy demand has informed multi-dimensional researches into the harnessing of renewable energy sources for power generation. Thus, exploration of renewable energy sources such as hydro, solar, wind, and geothermal energies has gained global attention [1, 2] .
Distributed generation is also receiving a rapt attention over centralized generation due to cost of transmission, particularly to rural areas which are mostly remote and isolated from the urban regions. The underlying issues involved in such distributed generation includes energy conversion, control, and integration . A number of electrical machines can be used for the electromechanical energy conversion, each with its attendant merits and demerits [3, 4] .
The use of self-excited induction generator (SEIG) in isolated wind turbine energy conversion has gained prominence in recent years. This is largely due to its inherent advantages over the conventional synchronous generator, which includes simple, brushless, rugged, and robust construction with squirrel cage rotor, relatively low initial and maintenance cost, self protection against excessive overload, and short-circuit contingencies [5] . In addition, SEIGs require no external direct current (DC) supply for excitation and voltage regulation, and they have better transient performances [6] . On the other hand, the major drawbacks of SEIG are poor voltage and frequency regulations under varying prime mover speed and loading conditions. Its output frequency and generated voltage are dependent on the speed of the prime mover, hence a need for frequency and voltage stabilizing and control circuits, which invariably increases the installation cost [7, 8] .
Another self-excited machine that can also provide a good and competitive potential for wind energy conversion for rural electrification is the self-excited reluctance generator (SERG). Three-phase SERG has almost all the advantages of SEIG. An additional advantage of SERG is the fact that it has constant output frequency in spite of varying loading conditions and excitation capacitances. Another desirable advantage of SERG is that of enhanced steady state performances and relatively high efficiency over a wide range of operation [9] .
In view of its shortcomings, SEIG suffers in terms of changes in both magnitude and frequency of the generated voltage under various loads. A salient-pole or segmental pole rotor SERG without dc excitation has been proposed to decrease such problem [10] .
This chapter therefore focuses on the harnessing of wind energy for electric power generation in rural areas using SERG. A detailed mathematical model of energy conversion with SERG suitable for the dynamic and transient analysis of the machine is presented. The model is utilised to build an investigative simulation tool in the MATLAB-Simulink environment. The advantages of SERG over SEIG are shown in the simulation results.
Also, a typical model of a wind turbine is developed and integrated to that of the SERG to obtain a complete network for the wind-driven self-excited reluctance generator (WDSERG). The complete model was used to simulate the WDSERG. Different scenarios of wind speed and load conditions were investigated to determine the process of voltage build-up and voltage collapse. Simulation results of the SERG driven by a wind turbine are presented in the concluding section of this chapter.
Wind turbine model
Wind energy is one of the most prominent renewable energy sources on earth. In recent years, there has been a marked growth in the harnessing of this resource for electricity generation.
The installed power increased from 7.5 GW in 1997 to more than 194 GW in 2010 globally [11] . This brought about a corresponding increase in the size and power ratings of turbines, with rotor diameters of more than 100 m and power ratings ranging from kilowatts to megawatts. The obvious need for off-grid distributed generation is another reason for the increasing demand for the design, construction, and operation of wind energy conversion systems. The mechanical output power of the turbine (in Watts) is given by:
where C p is the performance coefficient of the turbine, λ is the tip speed ratio (TSR), β is the blade pitch angle, ρ is density of air in Kg/m ( )
Where ( ) ( 
The reluctance machine
Although reluctance machine has been known as early as induction machine, it has received minimal attention due to its relatively poor overall performance. Its earliest operations were largely in the motor mode for special applications [12, 13] . These applications include electric clocks, textile drives, synchronous switches drives, and the more sophisticated applications in nuclear reactors to position control rods with exact precision and reliability [14, 15] . However, since early 1960s, [14] and others started to study the theory and performance of poly-phase reluctance machines, and this paved way for an extensive study of the machine. Most of the studies carried out were however concentrated on the reluctance motor, until early 1980s when it was reported that the reluctance machine can also be operated as a SERG [16] .
The reluctance machine is made up of a stator similar to that of the induction machine, and the rotor is basically a squirrel-cage induction machine rotor modified in order to have saliency in its magnetic circuit, which enhances the production of reluctance torque [14] . In order to ensure self-starting, the machine is provided with squirrel-cage rotor bars or damper cage windings. The principle of operation of the reluctance machine is based on the existence of varying air-gap reluctance, such that the opposition to the passage of magnetic flux is a minimum along an axis called the direct axis, and a maximum along an electrically perpen-dicular axis, called the quadrature axis. The rotor is thus said to be magnetically anisotropic [15] . The tendency of the direct axis to align itself with the axis of the rotating magnetic field provided by the stator forms the basis for the operation of this machine.
Unlike induction machines, the motion of the rotor can be perfectly latched under the influence of the rotating magnetic field of the stator such that the rotor runs with the same speed of the stator's field. Thus, reluctance machine is a synchronous machine. This is a major advantage of the reluctance machine. Regardless of variations in the supply voltage and the load, the reluctance motor would run at synchronous speed. It is well-known that the output power of a reluctance machine increases with the ratio of the direct-axis inductance (or reactance) to the quadrature-axis inductance (or reactance) (L d /L q or X d /X q ). Therefore, several attempts have been made to increase the L d /L q ratio [13] . To improve the overall performance of the reluctance machine, there have been improvements in electromagnetic designs which have brought about different rotor geometrical configurations. Because of these improved designs, the reluctance machine can compete favourably with the well-established induction machine [13] . Some of the rotor configurations include conventional salient pole rotor, segmented rotor, axially laminated anisotropic (ALA) rotor, flux-guided or flux-barrier rotor, and transversely laminated (TLA) rotor [13] . These have their different advantages and limitations.
Self-excited reluctance generator
The growing interest to harness renewable energy sources has informed the use of selfexcited machines for energy conversion. Like the induction machine, the reluctance machine can also be used as a SERG driven by a prime mover. The self-excitation is initiated when suitable capacitors are connected across its stator terminals. As the rotor rotates, the residual flux in the rotor induces a small amount of electromotive force in the stator windings. With suitable capacitors connected across the stator terminals, a small amount of current flows in the stator windings which then increases the magnetic flux in the machine. The voltage then builds up in this manner until the magnetic core becomes saturated. Thus, these two conditions must be satisfied for self excitation and voltage build-up to occur [17] : (i) the rotor must have sufficient residual magnetism and (ii) the capacitance value must be adequate. The magnetizing inductance is a major factor for voltage buildup and stabilization of generated voltage for unloaded and loaded conditions.
Modelling of the self-excited reluctance generator
In this chapter, the following simplifying assumptions have been made.
i.
Only the d-axis magnetizing inductance is affected by magnetic saturation.
ii.
Core loss is negligible.
iii. Negligible space harmonics in the air-gap flux and time harmonics in the electromotive force and current waveforms.
Voltage equations
The equations of a reluctance machine can be obtained from those of the wound field synchronous machine with the field winding terms omitted [18, 19] . The q-d equivalent circuit of the reluctance generator without a damper winding in the rotor as obtained from equations (6) to (9) is shown below. Since a generator is under consideration here, the direction of the stator current is taken to be out of the machine stator terminals.
Electromagnetic torque equation
The electromagnetic torque developed by the generator may be written as: 
If we substitute (8) and (9) into (12), we obtain:
Where P is the number of poles on the SERG rotor. With the assumed current direction into the stator, this torque expression is positive for generator action and negative for motor action.
Coupling equation
A system of gears contained in a gearbox system is required to convert the lower rotational speeds on the wind turbine side to a high rotor speed on the generator side, for electrical energy production. The gear ratio is the ratio of the generator speed to the tip speed of the turbine blade.
Therefore, the coupling equation, which represents the swing equation of the generator is given as: Wind
where B is the friction constant of the system. The wind turbine is represented as a single lumped inertia, J T , in equation (14) . This includes the inertial masses of the turbine blades, the gearbox, and the generator, referred to the generator side.
Excitation capacitance and load model
The stator terminals are connected to a capacitance bank in parallel with the load. The equations that relate the terminal voltages with the stator currents and load currents are presented in the following equations. Looking into the equivalent circuit of Figure 2 , the nodal equation at the stator-capacitor-load terminals is obtained using Kirchoff's Current Law as:
qC qs qL
i dC (i qC ) and i dL (i qL ) are the d-axis(q-axis) currents drawn by the excitation capacitors and the load respectively.
A general representation of the excitation capacitance in rotor reference frame is given in matrix form as:
whereupon, the voltages are expressed as:
Taking the load as a typical RLC, a general balanced RLC load model can be represented by:
R L , L L , and C L respectively represents the resistance, inductance, and capacitance of the load.
The RL load model can be obtained from (20) and it is expressed in rotor reference frame as:
Wind Turbines -Design, Control and Applications
Simulation of the WDSERG
A 2 hp (1.5 KW), 4-pole, 60 Hz machine with the parameters obtained from [20] , and [21] is used for the simulation in this chapter. The parameters are given in Table 1 The magnetising characteristics of the machine is given by the L d -I d curve shown in Figure 3 . A 6 th order curve fitting polynomial has been used to approximate the relationship. This enables the saturation effect to be taken into consideration.
The polynomial is given as: .5
MATLAB-Simulink implementation
The equations derived in the previous sections are arranged in forms suitable for simulation. For the purpose of clarity, the voltage equations have been rearranged below. By substituting equations (8) and (9) into (6) and (7) respectively, the currents can be expressed as:
The detailed MATLAB-Simulink model developed and utilised to simulate WDSERG is presented in the following Figures 4 to 12.
The model is made up of the different subsystems (saturation, current, excitation capacitance, EM torque, qd to abc, speed, wind turbine) as shown in Figure 4 . The details in the saturation Wind Turbines -Design, Control and Applicationssubsystem is shown in Figure 5 . This implements the magnetising characteristic approximated by equation (23), while Figure 6 shows the details in the current subsystem and it implements equations (24) and (25). The shunt excitation capacitance is implemented by the details of the subsystem shown in Figure 7 . The implementation of the RL load model derived from equations (21) and (22) is shown in Figure 8 , while Figures 9 and 10 respectively shows the electromagnetic torque and generator speed subsystems.
The inverse transformation (qd to abc) subsystem shown in Figure 11 transforms the qd statorload-capacitor terminal voltages, stator, capacitor, and load currents into machine (abc) variables. The wind turbine model in MATLAB-Simulink implementation is shown in Figure 12 . Wind-Driven Self-Excited Reluctance Generator for Rural Electrification http://dx.doi.org/10.5772/62738 241 
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Simulation result
The simulation has been done using MATLAB-Simulink to observe the performance of the system under the following conditions: A no load condition can be simulated using a very large value of R and L (Figure 13) . Under this condition, the terminal impedance is so high that it can be regarded as an open circuit. The result of the simulation under this condition is shown in Figure 13 . The stator phase current is about 10.33 A, while the load current is practically equal to zero (0.000035 A). The electromagnetic torque developed, which is equal to the wind turbine torque rises to a steady value of 3.707 Nm.
WDSERG performance at constant wind speed
The performance of the WDSERG under a constant wind speed of 10 m/s and an RL load (R = 400 Ohms; L = 30 mH ) is shown in Figure 14 . The wind turbine torque rose to a steady value of 0.7611 Nm. As the wind torque is applied, the generator speed quickly rises to the synchronous speed of 1800 rpm. The electromagnetic torque developed by the machine closely matches the wind torque, which invariably leads to a constant SERG speed. Wind-Driven Self-Excited Reluctance Generator for Rural Electrification http://dx.doi.org/10.5772/62738 245
It is observed that a WDSERG would perform smoothly with a constant wind speed profile.
WDSERG performance at varying wind speed
This scenario is analysed in two possible cases of decrease in wind speed and increase in wind speed as follows:
Decrease in wind speed
The dynamic response of the wind-driven SERG when the wind speed suddenly falls to 8 m/ s for an RL load of 400 Ohms, 30 mH. The wind torque and the electromagnetic torque also falls suddenly from an initial value of 0.7611 Nm to a value of 0.3656 Nm. As the wind speed falls, the generator speed also falls from the synchronous value of 377 rad/s (1800 rpm) to 301.9 rad/s (1441.5 rpm). Under this input condition, the generated voltage falls from a value of 118 V to a new value of about 100 V. The machine continues in this new values until 5 s when the wind speed was suddenly returned to 10 m/s. Thus, a decrease in the wind speed tends to reduce the generated voltage (Figure 15 ).
Increase in wind speed
In Figure 16 , with an RL load of 400 Ohms, 30 mH, and an excitation capacitance of 85μF , the wind speed is suddenly increased to a value of 10.2 m/s at 2 s and then dropped back to 10 m/ s at 4 s. The figure shows that as the wind speed is increased by this small value, the generated voltage suddenly falls from a value of 118 V to about 25 V. This shows that in this particular case, the generated voltage of the wind-driven SERG tends to collapse at an increased wind speed. For the value of 85μF excitation capacitance, the SERG could not be operated with a Wind-Driven Self-Excited Reluctance Generator for Rural Electrification http://dx.doi.org/10.5772/62738 247 reasonable voltage build up at wind speeds above 10 m/s, as this produces a generator speed greater than the rated synchronous speed. However, a reasonable voltage build-up is observed when the excitation capacitance is reduced accordingly. This shows that the excitation capacitance requirement reduces as the wind speed increases. This result therefore shows an inverse relationship between excitation capacitance and rotor speed. For 85μF excitation capacitance, Figure 16 shows the wind torque and the electromagnetic torque falling to a very low value (0.041 Nm) at 2 s when the wind speed rises to 10.2 m/s and the torque rises again at 4 s when the wind speed decreases sharply back to 10 m/s to attain the initial steady value of 0.7611 Nm. However, at a selected lower capacitance value, the WDSERG voltage builds up appreciably at 12 m/s. Thus, a well-designed pitch-control mechanism for the wind turbine is necessary to operate the WDSERG at higher wind speeds with a fixed excitation capacitance, such that the torque developed by the wind speed is not above the value required to drive the generator at rated speed. Alternatively, the SERG can be provided with wind-following excitation.
SERG performance under load variations
A scenario of an overloaded condition was simulated using an effective load impedance which reduced in steps from 400 Ohms to 200 Ohms at 2 s to 100 Ohms at 4s then to 80 Ohms at 6 s and finally back to 400 Ohms. The result of the simulation is illustrated in Figure 17 . It is observed that at t = 2s, when the load suddenly changes to 200 Ohms, there is a remarkable fall in the voltage level. The generated voltage continues to fall at 4 s and at 6 s until it rapidly falls toward zero as a result of overload. This illustrates that at an overloaded condition, the generator will suffer voltage collapse. The voltage builds up again at 8 s when the load changes back to its initial impedance value.
The performance of the WDSERG under varying loads is shown in Figure 18 . When the RL load suddenly changes from 400 Ohms, 35 mH to 300 Ohms, 105 mH at 3 s, and then changes back to the initial RL values at 6 s, the following are observed:
(a) At 3 s, the drive torque and hence the electromagnetic torque falls from a value of 0.8216 Nm to a new steady state value of 0.6181 Nm. This consequently leads to a reduction in both the stator voltages and currents. The voltage dropped from about 123 V to a steady value of 101 V, and the stator current falls from about 4 A to about 3.2 A. However, during this period the load current increases slightly due to an increase in load inductance. When the RL value is suddenly increased again at 6 s, the voltage and current rises back to their initial values.
In spite of the sudden increase and decrease in the load, the speed of the SERG remains constant at 1800 rpm, and hence the frequency. Thus, there is a constant output frequency regardless of the variations in load. This is unlike the SEIG, whose voltages and frequency are heavily affected by varying loading conditions [22] . It is obvious also that though the WDSERG voltage output varies with the load, this variation may not be as severe compared to the SEIG. Wind-Driven Self-Excited Reluctance Generator for Rural Electrification http://dx.doi.org/10.5772/62738 249
Conclusion
The dynamic performance of a wind-driven SERG has been analysed and presented under conditions of constant wind speed, varying wind speed, and varying load. A step-by-step procedure for the MATLAB-Simulink implementation has been clearly presented.The results show that the generated voltage slightly falls with increasing load, and requires an increase in excitation capacitance within the stable operating limits to maintain a constant generated voltage. A wind-driven SERG will however operate at constant output frequency regardless of the load variations at its output terminals. This makes the SERG a good candidate for wind power application in rural electrification. 
Author details

